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Physical properties of two-dimensional (2D) materials are generally sensitive to the interface effect 
from other materials placed in the proximity. Recently, a great deal of experimental and theoretical 
efforts have been made to explore the interface- induced phenomena in van der Waals (vdW) 
heterostructures. By combining different kinds of 2D crystals into a single stack, the intrinsic properties 
of the 2D materials are significantly modified, providing a powerful approach to develop novel functional 
materials.  
A typical example of this is a hybrid system of graphene and transition-metal dichalcogenides 
(TMDC). Graphene is widely used as a passive spin transporter owing to its high electron mobility and 
negligible spin-orbit coupling (SOC), but at the same time, the lack of SOC hinders its application to 
active spin manipulation. Placing graphene on a high-SOC substrate such as transition-metal 
dichalcogenide is a promising approach to overcome the drawback; the small SOC of intrinsic graphene is 
significantly enhanced through the interlayer interaction with the TMDC substrate [1, 2].  
However, the previous theoretical studies on the proximity SOC in graphene/TMDC systems have 
only considered non-rotated configurations, over- looking the effect of the twist angle, i.e., the relative 
angle between the crystal orientations of the two materials. The effect of lattice mis-orientation and the 
twist-angle dependence of proximity induced SOC on graphene/TMDC systems still remain un- clear. 
Meanwhile, the lattice mis-orientation plays a vital role in many other 2D heterostructures, suggesting 
the importance of the lattice mis-orientation in vdW heterostructures. For instance, the twisted bilayer 
graphene exhibits dramatic angle-dependent phenomena, such as the flat band formation [3] and the 
emergent superconductivity [4].  
Purpose 
The purpose of this work is to study the proximity SOC effect in graphene-TMDC heterostructures 
with arbitrary twist angles θ [Fig. 1], and reveal the angle dependence of SOC for various types of 
TMDCs.  
Method 
We derive an effective Hamiltonian of graphene on TMDC as a continuous function of θ by a 
perturbational approach in the tight-binding model. By using the method, we calculate the SOC for 
graphene on TMDC substrates, and obtain the spin- split band structure near the Dirac point. We also 
（別紙様式５）                                       
study the proximity SOC effect in graphene multi- layers (AB-bilayer, ABA-trilayer and ABC-trilayer) on 
TMDC using the same approach, and investigate the effect of the perpendicular electric field.  
Results 
Figure 2 presents (a) the calculated band structure of graphene/WS2 at the twist angle 17◦, and (b) 
the twist-angle dependence of the SOC amplitude in graphene/WS2. We find that the twist angle greatly 
enhances the spin splitting by more than twice compared to the nonrotated geometry, and the maximum 
splitting is achieved around 15◦. The enhancement of SOC is attributed to the spin  
splitting width of the TMDC states with which the graphene’s Dirac cone is hybridized by the 
interlayer hopping. From the symmetry analysis, we show that the induced SOC only consists of the 
valley-Zeeman term and the Rashba term, and the relative amplitudes of the two terms sensitively 
depend on the twist angle. At 30◦, in particular, the valley-Zeeman term vanishes from the symmetry 
requirement, and the Rashba term remains. The induced SOC can be further enhanced when the 
graphenes Dirac point is shifted toward TMDC band by applying the gate voltage. In graphene/WS2, for 
instance, this ratio of the SOC at 17◦ to that at 0◦ is increased to about the factor of 10 under a gate 
voltage of −80 meV.  
For multilayer graphenes, we show that spin splitting appears at either of conduction bands or 
valence bands, and it can be switched by the perpendicular electric field. At 30◦, the Rashba splitting in 
AB-bilayer graphene and ABC-trilayer graphene almost vanishes as it is just the second order of  
the Rashba SOC amplitude. For ABA-trilayer graphene, in contrast, the spin splitting is linear to 
the Rashba SOC, and it is much greater (about 0.5 meV) than AB-bilayer and ABC-trilayer.  
Conclusion 
The thesis studied the twist-angle dependence of the proximity spin-orbit interaction in graphene- 
TMDC heterostructures, which has been overlooked in previous studies. We found that the magnitude of 
SOC is greatly enhanced by the rotation. We also showed that the SOC sharply rises by applying the gate 
voltage. The enhancement of SOC by the twist angle control would facilitate the experimental 
observation of the spin-orbit related phenomena, such as the spin Hall effect [5], the 
weak-antilocalization [1] and the spin lifetime anisotropy [6]. Also, the theoretical method proposed in 
this thesis does not require the exact lattice matching, so that it is applicable to any incommensurate 
bilayer systems which cannot be treated by the DFT calculation. It would be useful for the twist-angle 
engineering of a wide variety of vdW proximity effects, including the ferromagnetic and superconducting 
interfaces.  
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に対して導出する理論を構築した。この手法を用いて、MoS 2 , MoSe 2, WS 2 , WSe 2 の４種類の TMDC
に対して、グラフェンを重ねたときのスピン軌道相互作用の角度依存性を実際に求めた。対称性
の考察より、グラフェンに誘起されるスピン軌道相互作用がバレーZeeman 型と Rashba 型の２つ
の成分からなることを示し、さらに回転角が 30 度のときは後者のみ許されることを示した。特に、






高度の研究能力と学識を有することを示した。よって Yang Li 氏提出の論文は博士（理学）の学
位論文として合格と認める。 
 
 
